Psychiatric neurosurgery, specifically stereotactic ablation, has continued since the 1940s, mainly at a few centers in Europe and the US. Since the late 1990s, the resurgence of interest in this field has been remarkable; reports of both lesion procedures and the newer technique of deep brain stimulation (DBS) have increased rapidly. In early 2009, the US FDA granted limited humanitarian approval for DBS for otherwise intractable obsessive-compulsive disorder (OCD), the first such approval for a psychiatric illness. Several factors explain the emergence of DBS and continued small-scale use of refined lesion procedures. DBS and stereotactic ablation have been successful and widely used for movement disorders. There remains an unmet clinical need: current drug and behavioral treatments offer limited benefit to some seriously ill people. Understandings of the neurocircuitry underlying psychopathology and the response to treatment, while still works in progress, are much enhanced. Here, we review modern lesion procedures and DBS for OCD in the context of neurocircuitry. A key issue is that clinical benefit can be obtained after surgeries targeting different brain structures. This fits well with anatomical models, in which circuits connecting orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), basal ganglia, and thalamus are central to OCD pathophysiology and treatment response. As in movement disorders, dedicated interdisciplinary teams, here led by psychiatrists, are required to implement these procedures and maintain care for patients so treated. Available data, although limited, support the promise of stereotactic ablation or DBS in carefully selected patients. Benefit in such cases appears not to be confined to obsessions and compulsions, but includes changes in affective state. Caution is imperative, and key issues in long-term management of psychiatric neurosurgery patients deserve focused attention. DBS and contemporary ablation also present different patterns of potential benefits and burdens. Translational research to elucidate how targeting specific nodes in putative OCD circuitry might lead to therapeutic gains is accelerating in tandem with clinical use.
INTRODUCTION
Although neurosurgery for psychiatric illness in the form of stereotactic ablation has continued since the 1940s, it has reemerged as a focus of tremendous interest in the last decade. There are several key reasons for this. The conception of major psychiatric illnesses as disorders of the brain is well established. There is a much greater focus on the neurocircuitry involved in the symptoms of these illnesses and, in particular, in the anatomy underlying therapeutic change. There has been refinement in both stereotactic ablation and in the newer technique of deep brain stimulation (DBS), introduced in its modern form in the 1980s and now a standard of care for movement disorders. Most importantly, there is recognition that despite conscientious use of our best empirically based behavioral and medication treatments, some patients continue to suffer severe symptoms and marked impairment. Although the enthusiasm with which psychiatric neurosurgery is sometimes greeted hearkens back to that in the beginning of the era of freehand 'psychosurgery,' when prefrontal lobotomy saw wide, indiscriminate use, the parallels are quite limited. Those crude operations had some therapeutic effects, but were accompanied by unacceptable and even tragic adverse effects. Techniques, procedures, and practices have evolved steadily since then. Contemporary ablation reproducibly places lesions in specific brain targets, guided by magnetic resonance imaging (MRI), stereotactic instruments, and specialized software. Radiosurgery, a newer method dating from the 1970s, obviates the need for craniotomy. DBS does require craniotomy to implant stimulating electrodes in specific brain targets, but is intentionally nonablative, and permits flexible and largely reversible modulation of brain function. For any of these procedures, the criteria for patient selection are strict, and the process of case review to determine appropriate candidacy has been formalized. Currently, neurosurgery is predominantly reserved for patients with severe, incapacitating obsessive-compulsive disorder (OCD) or major depression who have failed to benefit after exhaustive conventional treatment. At leading centers, surgery does not occur unless a multidisciplinary committee approves it for a given patient, whose informed consent must be clear and documented. Considerable clinical data supports the effectiveness and safety of modern neurosurgery. Psychiatric neurosurgery has consistently yielded substantial improvement in symptoms and functioning in B35-70% of cases, with morbidity and mortality drastically lower than earlier procedures. Major centers continue to gather information prospectively. Controlled trials are underway using gamma ventral capsulotomy for OCD, and DBS for OCD or for major depression. This review focuses on surgery for OCD.
The scientific context of psychiatric neurosurgery is developing rapidly. Although the notion that cortico-limbic systems were important in disordered behavior influenced the early lesion procedures, it largely was developed empirically. Although sometimes criticized for this reason, as for any clinical therapy the relevant issues are safety and efficacy, and not correction of pathophysiological processes that are not yet fully understood. However, in addition to the promise of modern lesion procedures and DBS as clinical treatments, they permit testing of hypotheses derived from the results of lesions or from human neuroimaging. Psychiatric neurosurgery is thus developing in the current era of translational research. Transfer of data from clinical results to cross-species anatomical, neuroimaging, and physiological studies of neural networks involved promise to illuminate mechanisms of therapeutic action. This should lead to improvements in current ablative procedures and DBS. Beyond that, other invasive devicebased techniques, including electrical stimulation via electrode grids on the cortical surface or DBS that can respond selectively to patterns of brain activity putatively associated with symptoms ('responsive' or 'closed loop' stimulation) may be informed by such work. Such methods are early in development and will not be discussed further here. Likewise, to the extent that there are a variety of less invasive methods evolving for therapeutic neuromodulation, including transcranial magnetic stimulation (TMS), such modalities are reviewed elsewhere in this volume by George and Aston-Jones.
Obsessive-compulsive disorder is typically a chronic disorder and affects 2-3% of the population. It is characterized by persistent, intrusive thoughts and impulses (obsessions), and repetitive intentional behaviors (compulsions) . These symptoms persist despite individuals' attempts to resist them and are accompanied by marked and often overwhelming anxiety. It is estimated that over 20% of OCD patients may be refractory to available psychological and pharmacological treatments (Husted and Shapira, 2004) . The pathogenesis of OCD remains unknown. In contrast, the pathophysiology of OCD, although incompletely understood, appears from converging lines of evidence to involve abnormal functioning in medial and orbital frontal-basal ganglia-thalamic circuits. As discussed in detail below, stereotactic neurosurgical lesions in the anterior limb of the internal capsule, the anterior cingulate, and/or the subcaudate region, all of which affect this circuit, appear beneficial in the treatment of highly refractory OCD. The same seems to be true of DBS within this circuitry.
Only a relatively small subgroup of OCD patients would be considered potential candidates for surgery. These individuals are severely and chronically impaired by the illness, and fail to improve adequately after aggressive use of behavioral and medication treatments. Although many more patients have undergone ablation than DBS thus far (Goodman and Insel, 2009; Greenberg et al, 2003) , the use of stimulation is becoming more widely disseminated. We discuss the results of both kinds of surgical treatment in the context of anatomical models of OCD pathophysiology, which have been in development since the 1980s. Several different anatomical targets have been used for either technique with apparent success, a key point for refining anatomical models of OCD.
CLINICAL FEATURES OF OCD
The disorder's defining symptoms are obsessions (unwanted, recurrent intrusive thoughts that cause anxiety) and compulsions (repetitive behaviors that the patient feels driven to perform, often in response to an obsession) (APA, 1994) . Onset commonly occurs before adulthood (Rasmussen and Eisen, 1992) . In contrast to schizophrenia, major depression, or bipolar disorder, OCD can appear in fullblown form even before puberty (Grados and Riddle, 2008) . In family studies, onset of obsessions or compulsions before age 18 is highly predictive of OCD in relatives . Illnesses appearing during the course of OCD include, most commonly, affective illness, anxiety disorders, and putative 'OCD spectrum' conditions. The latter prominently include tic disorders (Koran, 1999) . OCD tends to be chronic , an important feature in consideration of surgeries that can have irreversible effects (intended or unintended, see below). Potential surgical candidates would come from clinical settings, since aggressive treatment trials are required before evaluation for surgery. In a naturalistic clinical sample (Mancebo et al, 2008) , 91% of OCD patients met lifetime criteria for at least one other DSM-IV axis I diagnosis. Over a third (37%) of the sample had severe OCD symptoms (total Yale-Brown Obsessive Compulsive Scale (YBOCS) severity ranged from a score of 24-31). Six percent had extreme OCD symptoms (YBOCS severity 32-40, the scale maximum). The most common co-occurring disorders were major depression, social phobia, alcohol use disorder, panic, and specific phobia. Three-fourths of candidates (74%) met lifetime mood disorder criteria, 52% had a lifetime anxiety disorder diagnosis, and 25% had a lifetime substance use disorder. Over a third (38%) were unable to work due to psychopathology, and 14% of the sample was receiving disability benefits due to OCD (Mancebo et al, 2008) . The latter finding was not surprising, as OCD has been ranked as a major cause of disability in industrialized countries (Murray and Lopez, 1997) . Quality of life can be severely affected . Despite the relatively large percentage of patients who are severely affected, chronically ill, and highly refractory to treatment, only a subset would be candidates for surgery. That subgroup has been little studied, either in terms of phenomenology or neurocircuitry. Some comorbidities, such as substance abuse and severe personality disorders, have historically been strong relative contraindications for neurosurgery. Other issues affecting the consideration of surgery include psychosocial stability, proximity to the treatment center, and resources adequate for long-term follow-up. These factors are particularly important for DBS, in which stimulation requires ongoing adjustment and monitoring, and devices must be surgically replaced, a process that incurs significant costs that are often not fully covered by health insurance. Insurance coverage for ablative procedures is also an issue, although after the procedures, follow-up care is generally conventional medication and behavioral treatment.
TREATMENTS
Conventional treatments for OCD are well established (Bandelow et al, 2008) . Cognitive-behavior therapy, including exposure and ritual prevention and medications, particularly serotonin reuptake inhibitors (SRIs), are firstline treatments. Meta-analytic studies have consistently found that both classes of treatment are effective (Eddy et al, 2004; Kobak et al, 1998) . Improvement after medication is usually partial. Consistent with this, a 35% reduction in YBOCS severity scores is a typical response criterion in pharmacological trials. The same criterion is usually applied in surgical studies (below). In a naturalistic clinical study, over one-third of participants receiving recommended doses of SRIs did not perceive substantial long-term benefit from pharmacotherapy . Interestingly, improvement in OCD symptoms may not correspond closely to improvement in quality of life after treatment (Tenney et al, 2003) . This issue bears particular scrutiny with regard to psychiatric neurosurgery.
Symptom reduction reported after a course of behavior therapy is usually greater than that after SRI monotherapy (Foa et al, 2005) . However, substantial proportions of patients may refuse behavior therapy or drop out before completing a course. Concurrent axis I disorders or personality disorder traits can influence behavior therapy completion and outcomes (Steketee et al, 2001) . Enhancing the effectiveness of behavior therapy pharmacologically, for example with D-cycloserine, a partial agonist at the N-methyl-D-aspartate glutamatergic receptor, is an intriguing strategy that has generated considerable interest (Wilhelm et al, 2008) , although it remains experimental. A key issue when surgery is considered, for both medication and behavioral treatments, is to systematically determine whether trials have been adequate and exhaustive (Gabriels et al, 2003) on the basis of the best available information on treatment of refractory patients (Husted and Shapira, 2004) . Residential treatment using specialized programs for highly refractory patients (Stewart et al, 2005) should be considered before surgery.
POTENTIAL RELEVANCE OF OCD SUBTYPES TO NEUROSURGERY
Ablation or DBS might preferentially affect some clinical features of OCD patients, but have little to no effect on others. Obsessions and compulsions themselves are heterogeneous. A large body of work using factor analysis has delineated dimensional structures for the OCD symptoms measured by the YBOCS Symptom Checklist (Goodman et al, 1989) . Collectively, between three and six dimensions have been identified (Baer, 1994; Bloch et al, 2008; Leckman et al, 2001; Pinto et al, 2008) . Most relevant here are intriguing findings that different symptom dimensions might have at least partly separable neural correlates (Mataix-Cols et al, 2004; Phillips et al, 2000; Rauch et al, 1998; van den Heuvel et al, 2009) . Similarly, neuroimaging findings in compulsive hoarding may differ from those in OCD patients without hoarding symptoms (Saxena et al, 2004) . In addition, the form of OCD symptoms varies as well as the content. Compulsive urges can be tied to obsessions about a feared consequence, as in the familiar examples of compulsive washing to prevent 'contamination' or in checking rituals to prevent harm. However, individuals with OCD often report compulsions that must be repeated until a feeling that something is 'just right' is attained. Such compulsions are motivated by a sense of 'incompleteness,' not pathological fear (Rasmussen and Eisen, 1994) (Coles et al, 2005; Summerfeldt, 2004) .
Patients vary in other ways that can be described categorically, such as current and lifetime comorbidity (see above and Nestadt et al, 2003) and patterns of psychopathology in their relatives (Nestadt et al, 2001) . Affective features of illness are worth special attention in OCD neurosurgery for several reasons. Major depression is the most frequent comorbid condition in OCD, and the earlier the OCD onset, the more likely depression is to emerge (Hong et al, 2004) . Over decades, reports have consistently indicated that depression and OCD improve after the same lesion procedures, including anterior cingulotomy, subcaudate tractotomy, anterior capsulotomy, and limbic leucotomy (for review see Greenberg et al, 2003) . The same seems to be true after DBS of the ventral anterior limb of the internal capsule/ventral striatum (VC/VS), after which an otherwise intractable depression has improved (Malone et al, 2009) . However, some cooccurring disorders might worsen after surgery, as in the case of a patient whose OCD had an excellent response to anterior thermocapsulotomy (described below), which was largely negated by the worsening of kleptomanic and bulimic symptoms, which had existed before surgery (Albucher et al, 1999) . OCD sufferers also vary in cooccurrence of categorical personality disorders and in how they vary along personality dimensions . These are the factors that may influence resilience in the face of severe chronic illness, likelihood of treatment response (Corchs et al, 2008) , and, in terms of DBS particularly, in the propensity to conscientiously adhere to the treatment regimens that must include close follow-up over the long term.
The major relevance of OCD subtypes for neurosurgery is likely to be in response prediction. Current psychiatric neurosurgical procedures, although generally well tolerated, are not innocuous. Patients least likely to benefit should be identified so that they can be spared from the risks of surgery and potential later complications. It should be emphasized, although how useful phenomenological data will prove to be in this regard is unknown. Clinical observations in a long-term, open-label study suggests that responses of the VC/VS to DBS might be greater in patients in whom OCD symptoms are associated with a feared consequence than when they are primarily motivated by incompleteness .
NEUROCIRCUITRY MODELS OF OCD
Neuroimaging studies support the central role of frontalbasal ganglia-thalamic circuits in the pathophysiology of OCD. Converging lines of evidence have pointed to the abnormalities in this circuit, specifically involving orbital frontal cortex (OFC) and anterior cingulate cortex (ACC), as well as the striatum and medial thalamus.
Structural Neuroimaging
Structural neuroimaging studies of OCD have found subtle differences in OFC, striatal, and thalamic volumes in subjects with OCD vs controls (Jenike et al, 1996; Robinson et al, 1995) . Psychotropic drug-naive pediatric patients had more gray matter in regions comprising corticalstriatal-thalamicFcortical (CSTC) circuits, consistent with functional neuroimaging reporting hypermetabolism and increased regional cerebral blood flow in striatal, anterior cingulate, and orbital frontal regions in the resting state (Szeszko et al, 2008) . A preliminary voxel-based morphometry study found significantly greater gray matter density within the hypothesized circuitry in pediatric OCD patients compared with healthy controls or their unaffected siblings (Gilbert et al, 2008) . Moreover, magnetic resonance spectroscopy (MRS) studies have provided complementary evidence of neurochemical abnormalities in this circuitry. Using MRS, investigators have found reductions in N-acetyl aspartate (a purported marker of healthy neurons within the striatum and medial thalamus in OCD (for example, see Bartha et al, 1998; Ebert et al, 1997) ).
Connectivity
Anatomical connections within the circuitry implicated in OCD may also be abnormal. A diffusion tensor MRI (DTI) study comparing individuals with OCD and healthy subjects found increased fractional anisotropy (a measure of white matter structure) in the cingulum bundle bilaterally and in the left anterior limb of the internal capsule compared with healthy controls. This was interpreted as evidence of abnormal connections between nodes within putative OCD circuitry linked by these tracts (Cannistraro et al, 2007) and as consistent with observations that ablating or modulating these white matter pathways (as in anterior cingluotomy, anterior capsulotomy, or DBS on the VC/VS) is associated with therapeutic improvement.
Functional Neuroimaging
Functional neuroimaging studies have consistently documented hyperactivity at rest in CSTC circuits when comparing OCD subjects with controls. Further, this regional hyperactivity is accentuated during provocation of the OCD symptomatic state vs control states (McGuire et al, 1994; Rauch et al, 1994) . Conversely, several studies have consistently found reduction in activity in these same regions after successful treatment of OCD, regardless of the mode of treatment, including pharmacological (for example see Baxter et al, 1992; Swedo et al, 1992) , behavioral (for example see Baxter et al, 1992; Schwartz et al, 1996) , and neurosurgical therapies. Interestingly, there is also imaging evidence to suggest that at pretreatment, regional activity within OFC predicts subsequent response to treatment with medication or behavior therapy (for example see Brody et al, 1998; Rauch, 2003; Saxena et al, 1999; Swedo et al, 1992) . Another structure central to putative OCD circuitry, the basal ganglia, has been studied using PET imaging combined with a task developed specifically to probe this region, implicit sequence learning. Although OCD patients and healthy volunteers learnt the serial reaction time task equally well, patterns of concomitant brain activation were different. In controls, there was bilateral inferior striatal activation, whereas OCD patients did not recruit inferior striatum, but instead showed bilateral medial temporal activation, which is normally associated with explicit, or conscious, processing (Rauch et al, 1997) . Although a subsequent study using fMRI failed to find overall group differences in striatal recruitment between OCD patients and controls, it replicated abnormal recruitment of medial temporal (hippocampal) region activation during implicit sequence learning. OFC activity during the task was also greater in patients vs controls. The authors (Rauch et al, 2007) suggested that the failure to replicate the striatal abnormality found in the earlier study might be attributable to differences among OCD symptom dimensions.
Integrating Anatomical and Neurochemical Models
Work integrating these perspectives is less advanced than studies of either the neurocircuitry or neuropharmacology of OCD alone. In part this is because individual research groups have tended to focus primarily on one aspect or the other, and not necessarily on relationships between them.
Nevertheless, anatomical hypotheses derived from neuroimaging (Dougherty et al, 2004) , clinical pharmacology of OCD, and basic neuropharmacology of the implicated circuitry (Blier et al, 2006; Greenberg et al, 1997; Westenberg et al, 2007) provide some key starting points. As already discussed, human neuroimaging data suggest that abnormalities in OFC/ACC-basal ganglia-thalamic circuitry are central to the pathophysiology of OCD and responses to treatment. In particular, the magnitude of OFC activity is proportional to symptom severity and pretreatment activity within this same region predicts subsequent medication response. In this regard, there is more evidence that anti-OCD medications act through serotonin (5-HT) systems (Benkelfat et al, 1989; Greenberg et al, 1998) than that 5-HT dysfunction is necessarily central to OCD pathogenesis. However, recent work suggests that variation in serotonergic genes, for example, those expected to result in less synaptic serotonin, might contribute to OCD in at least some cases (Ozaki et al, 2003; Hu et al, 2006; Wendland et al, 2008) . Interestingly, a very early statement of a 'serotonin hypothesis' of OCD (Yaryura-Tobias et al, 1977) also noted how such putative neurochemical abnormalities likely occurred in the context of brain anatomical networks that work early in DBS implicated in emotion and motivation more generally.
Nodes within the putative OCD circuitry have been proposed to be sites of action for pharmacotherapy. That OFC activity is associated with OCD symptoms is well established. That it represents a substrate for pharmacotherapy also resonates with the results from animal studies; chronic administration of selective serotonergic reuptake inhibitors in rodents leads to serotonergic receptor changes in OFC over the same time course that antiobsessional effects are observed in humans (Mansari et al, 1995) . Another rodent study suggested that activation of normosensitive postsynaptic 5-HT2-like receptors may mediate the effect of enhanced 5-HT release in the OFC after SRI treatment (El Mansari and Blier, 2005) . Moreover, elevated glutamatergic transmission from OFC/ACC to striatum has been inferred from MRS measurements of an elevated glutamate index (Glx peak) within the striatum that is correlated with OCD symptom severity, and returns toward normal with successful treatment (Rosenberg et al, 2000) . The interest in using imaging phenotypes for genetic studies is rapidly growing. For example, association was identified between a polymorphism of the ionotropic, N-methyl-D-aspartate 2B (GRIN2B) glutamate receptor and decreased glutamate (Glx) in the ACC, a region consistently implicated in OCD (Arnold et al, 2009) .
There is also evidence implicating dopaminergic systems in OCD. Addition of dopamine receptor antagonists to SRI treatment may result in therapeutic benefit in patients poorly responsive to SRI monotherapy , suggesting that modulation of dopaminergic mechanisms may have therapeutic effects. More direct evidence for a possible role of dopamine systems in OCD pathophysiology comes from neuroimaging findings of elevated dopamine transporter density in the caudate nucleus and putamen in psychotropic medication-naïve OCD patients (van der Wee et al, 2004) . Moreover, genetic research supports a potential role for catechol-O-methyl-transferase and D2 gene variants in at least a subgroup of male OCD sufferers with early symptom onset (Denys et al, 2006) .
Integrating Cognitive Findings With Anatomical Models
We also note recent attempts to integrate anatomical models with cognitive models of OCD. This work is also at a relatively early stage, but is also expanding rapidly, in part because of the promise of using cognitive functions to derive endophenotypes of brain information processing abnormalities in OCD in genetic and other studies. For example, as discussed above, implicit sequence learning has been found to be abnormal in OCD using cognitive probes and/or functional neuroimaging (Kathmann et al, 2005) , further implicating fronto-striatal dysfunction in the illness. Other emerging foci of interest as putative cognitive endophenotypes in OCD are indices of inhibitory functions and behavioral flexibility (Bannon et al, 2002; Chamberlain et al, 2005 Chamberlain et al, , 2007 . In terms of neurocircuitry, abnormally reduced activation of several cortical regions, including lateral OFC, was found on functional MRI during reversal learning in both OCD patients and clinically unaffected close relatives (Chamberlain et al, 2008) . A recent proposal of how anatomical and psychological models of OCD might be integrated provides a heuristic for further work in this highly important area (Huey et al, 2008) .
In summary, as will be discussed further below, multiple lines of evidence, including multimodal human imaging data, pharmacological studies, and research with cognitive probes supports neurocircuitry models of OCD. These models are, in turn, consistent with the empirically developed targets for modern ablative neurosurgical therapies and DBS (see Rauch, 2003 for review).
SURGERY FOR OCD: HISTORY
Lobotomy emerged before the era of empirical psychiatry, when therapeutic nihilism for severe disorders was pervasive. The ethical and regulatory context for research and clinical treatment, as we know them today, essentially did not exist. Beginning in the 1930s, reports of successful outcomes after the procedure, which from the beginning included patients with severe obsessional symptoms, were greeted with much publicity (NewYorkTimes, 1937) . As has been well documented (Pressman, 1998; Valenstein, 1986 ), lobotomy's use accelerated at a tremendous rate in the mid-20th century, until effective therapeutic alternatives appeared and its heavy adverse effect burden was recognized (El-Hai, 2005). There had been skepticism from the beginning (Fins, 2003) , but it was only decades later, when wide use of lobotomy had already faded in favor of a dramatically more limited use of stereotactic procedures, that opposition rose to the national level in the US and elsewhere (National Commission, 1977) . Interestingly, early proponents, even Walter Freeman, who eventually developed an evangelist's zeal for lobotomy, had actually begun by emphasizing the role of careful patient selection and the need for systematic, multidisciplinary study of surgical outcomes (Freeman et al, 1942) .
CURRENT NEUROSURGERY FOR OCD
Modern ablative procedures are stereotactically guided by MRI, and specialized targeting hardware and software. This has resulted in progressively more accurate placement of generally smaller lesions, either by 'open' lesion procedures (by craniotomy) or without craniotomy using radiosurgical instruments such as the gamma knife. DBS requires craniotomy to implant stimulating electrodes, but is intended to be nonablative. Damage to brain tissue appears generally confined to about 1.3 mm diameter volume displaced by the brain 'leads' themselves and the surrounding microenvironment. Hemorrhages on device insertion, however, although relatively rare, can have long-lasting or permanent consequences. Although risk of this intraoperative bleeding has not been well characterized for the targets used for DBS in psychiatric disorders, in other populations, it appears on the order of about 0.5% per implantation, that is, 1% for a typical patient receiving bilateral brain leads (Benabid et al, 2009) . A much higher rate of serious intraoperative hemorrhage was found (1 in 17 patients implanted) in a recent study of DBS of the subthalamic nucleus for OCD (Mallet et al, 2008) . This may, in part, have been due to the particular surgical target; it is also possible that the fact that none of the staff at the implanting centers were highly experienced in implantation at this target for OCD. Infection represents another significant risk, and may necessitate device removal or cause other sequelae. A high rate of this complication (2 of 17 patients) was noted in the same study of subthalamic DBS for OCD (Mallet et al, 2008) . Long-term (decades) presence of the device in brain by itself or coupled with ongoing stimulation has not been identified to put patients at significant risk of tissue damage or other adverse effects on the brain (Benabid et al, 2009 ), this theoretical risk should be monitored in patients undergoing DBS at new brain targets for new indications over the long term. There is a risk that DBS implantations will not be effective in individual cases because of specific placement of the brain electrodes or device programming factors. For all these and other reasons, psychiatric neurosurgery researchers urge caution in abundance (OCD-DBS Collaborative Group, 2002), with careful attention to interdisciplinary and ethical (Fins et al, 2006) requirements.
The great appeal of DBS in comparison with lesions is that it permits focal, adjustable, and reversible modulation of the brain. This is an obvious advantage in research applications. Effects of DBS on symptoms can be studied in controlled clinical trials using sham stimulation in withinsubjects and parallel group designs. DBS can be coupled with neuroimaging, electrophysiological, and cognitive probes to compare effects of stimulation with no stimulation conditions, in the acute or chronic setting. In clinical care, adjustability means that therapeutic effects may be optimized and adverse effects reduced or eliminated. At the same time, the adjustability of DBS poses a challenge in the clinical setting, especially early in its application to a given target and particular patient population. The 'parameter space' comprises combinations of stimulation amplitudes, pulse widths, frequencies, and activation of individual electrodes. Parameter setting methods were initially borrowed from DBS for movement disorders, and increasingly from experience in psychiatric illness.
At expert centers offering surgery for OCD, strict criteria for patient selection are observed. Processes for determining appropriate candidacy and assessing the consent process are formalized. Surgical intervention is reserved for patients with severe, incapacitating OCD who have failed an exhaustive array of standard medication and behavioral treatments. Surgery is typically not recommended unless a multidisciplinary committee reaches consensus regarding its appropriateness for a given candidate and the patient renders informed consent. Although systematic data on patients who are referred for surgery or who apply themselves for consideration for surgery to US centers have not yet been reported, a study in Belgium found that 26 of 91 patients whose cases were presented to the centralized Flemish Advisory Board for psychiatric neurosurgery were not accepted for surgery, either because they did not actually meet OCD diagnostic criteria (9 of 91) or somewhat more commonly (in 17 of 91) because it was unclear whether they had received adequate conventional treatments before presenting for consideration .
Using contemporary selection criteria and modern stereotactic surgical techniques, available long-term follow-up data suggest that neurosurgery for OCD yields meaningful improvement in symptoms and functioning in 40-70% of cases. As discussed in more detail below, at present, effectiveness outcomes appear similar for lesion procedures and DBS. There are, however, many more cases in the literature for lesion procedures than for DBS, in which data remain relatively sparse. A notable limitation is that case series or open-label studies dominate the literature for both ablation and DBS Nuttin et al, 1999) , with a few exceptions for DBS (Abelson et al, 2005; Mallet et al, 2008; Nuttin et al, 2008) . In addition, it is not clear whether patient samples selected for ablation or DBS are fully comparable, further complicating attempts to compare outcomes. Morbidity and mortality (see below) are drastically lower for current ablative procedures and DBS than for the earlier procedures, but are not absent.
Major centers providing these treatments continue to gather information prospectively. In addition, four centers with experience in lesion procedures for OCD, DBS for OCD, or both techniques (Butler Hospital/Brown University, Massachusetts General Hospital, the Cleveland Clinic, and the University of Florida) are collaborating in an NIMH-supported multicenter clinical trial of DBS for OCD (ClinicalTrials.gov: NCT00640133A). A recent proposal from NIMH (Goodman and Insel, 2009) suggests that data from such studies and from clinical use of DBS for OCD under the newly granted US FDA Humanitarian Device Exemption approval become part of a national data registry for psychiatric neurosurgery. Such a registry was originally proposed in 1977 (National Commission, 1977), but never implemented.
SURGICAL TECHNIQUES
Although they became increasingly influenced by theories implicating cortico-subcortical systems in disordered behavior, and in OCD specifically, the lesion procedures were originally developed largely empirically. The same is true for the initial uses of DBS in OCD, as the surgical target was at first based on anterior capsulotomy. However, in addition to the promise of modern lesion procedures and DBS as clinical treatments (in which the central issues are safety and effectiveness), they permit testing of hypotheses derived from the results of lesions or from neuroimaging. Psychiatric neurosurgery is now developing in a scientific context in which translation of data between clinical results to cross-species anatomical, neuroimaging, and physiological studies of the neural networks involved promises to illuminate the anatomical and physiological mechanisms of therapeutic action (see Translational Research, below).
STEREOTACTIC ABLATION
Four lesion procedures for OCD remain in use. In each, bilateral lesions are made stereotactically under MRIguidance. In addition to OCD, all have been used for highly refractory depression. Some have been applied to non-OCD anxiety disorders (for example, anterior capsulotomy), chronic medically intractable pain (anterior cingulotomy), as well as for OCD.
Anterior Capsulotomy
Anterior capsulotomy was first performed by Tailarach and colleagues in France (Figure 1, site 1a) . Capsulotomy was further developed by Lars Leksell and colleagues in Sweden . Lesions are placed within the anterior limb of the internal capsule, impinging on the VS immediately inferior to the capsule. The intent is to interrupt fibers of passage between prefrontal cortex and subcortical nuclei including the dorsomedial thalamus. The original anterior capsulotomy procedure is performed using thermocoagulation through burr holes in the skull. For over 15 years, capsulotomy has also been performed using the Leksell Gamma Knife, a radiosurgical instrument that makes craniotomy unnecessary. Unless repeated procedures are used, gamma ventral capsulotomy lesions are substantially smaller than those induced by thermocapsulotomy, remaining within the middle to ventral portion of the anterior capsule. This more recent version of capsulotomy has been called 'gamma knife ventral capsulotomy.' In contrast to thermocapsulotomy, gamma knife ventral capsulotomy (Figure 1, site 1b) may be performed as an outpatient procedure. The relative benefits and burdens of this radiosurgical approach are the focus of ongoing research, including a controlled study of gamma knife ventral capsulotomy for OCD underway at the University of Sao Paulo, Brazil, the first study of its kind for a lesion procedure in psychiatry.
Anterior Cingulotomy
When the first cingulotomies were performed, for intractable pain, it was noticed that patients with comorbid anxiety or depressive conditions had the best results ( Figure 2 , site 2). Ballantine et al (1987) subsequently showed the safety of anterior cingulotomy and studied its efficacy for a broad range of psychiatric indications. Since 1962, the group at Massachusetts General Hospital has performed over 1000 cingulotomies, and continues to do so today. Two or three B1.0 cm 3 lesions are made on each side by thermocoagulation through burr holes, under local anesthesia. The target is within ACC (Brodmann areas 24 and 32), at the margin of the cingulum white matter bundle. Since 1991, anterior cingulotomy has been MRI-guided. As making the smallest possible lesion is the goal, depending on their response, patients may return months after the first operation for a second procedure to extend the lesions.
Subcaudate Tractotomy
Subcaudate tractotomy, introduced in 1964, was one of the first attempts to limit adverse effects by restricting lesion size (Figure 2, site 3) . By targeting the substantia innominata (just inferior to the head of the caudate nucleus), the goal was to interrupt white matter tracts connecting OFC to subcortical structures. The surgery involved placement of an array of radioactive yttrium-90 seeds at the desired centroid. This yielded lesion volumes of B2 cm 3 .
Limbic Leukotomy
Limbic Leukotomy was introduced by Kelly et al (1973) in the UK. It combines subcaudate tractotomy and anterior cingulotomy (Figure 2, sites 2 and 3) . The lesions have typically been made by thermocoagulation or with a cryoprobe. Historically, the precise placement of the lesions was guided by intraoperative stimulation; pronounced autonomic responses were believed to designate the optimal lesion site.
DEEP BRAIN STIMULATION
Deep brain stimulation for psychiatric illness was tried as early as 1948, when JL Pool used stimulation through an electrode in the caudate nucleus in an attempt to treat a woman with depression and anorexia (Pool, 1954) . Psychiatric DBS began in earnest 50 years later, when Nuttin et al (1999) reported on a series of otherwise intractable OCD cases stimulated at a site based initially on the anterior capsulotomy target. The procedure is essentially the same as for routine use of DBS for movement disorders. Smalldiameter (1.27 mm) brain 'leads' with multiple (usually four) electrode contacts are implanted into the brain through burr holes in the skull. Craniotomy is done under local anesthesia, and patients are typically sedated but awake during surgery. Lead placement, which is typically bilateral, is guided by multimodal imaging and specialized computerized targeting platforms. In contrast to DBS implantations in Parkinson's disease, microelectrode recording is not routinely used for target identification in OCD cases. Intraoperative 'macrostimulation' (that is, stimulation through the lead just implanted) is used to determine whether there are adverse effects (Shapira et al, 2006) , or physiological (Okun et al, 2004) or behavioral effects of acute stimulation that may suggest that the lead location should be modified. In a separate phase of surgery or on a different day, the neurostimulator is implanted subdermally under general anesthesia (for example, in the upper chest wall). It is connected to the brain leads by extension wires tunneled under the skin.
In contrast to lesions, stimulation, being adjustable, has dynamic effects on neurocircuitry, including the implantation site itself and functionally connected regions. Various combinations of electrodes can be activated, at adjustable polarity, intensity, and frequency; DBS thus permits flexible 'neuromodulation.' The great clinical advantage of this is that parameters can be optimized for individual patients. The process of optimizing parameters for individual patients, typically performed by a specially trained psychiatrist in the outpatient setting, can be quite time-consuming, and requires attentive, long-term followup. In cases in which no beneficial settings can be identified despite extensive efforts, the electrodes can be inactivated, and the devices may be removed. In that event, devices are usually only partly explanted, with the brain electrodes left in place given the not fully clarified but apparently small risk of hemorrhage on removal. In our experience, full device explantation has happened relatively rarely.
SURGICAL OUTCOMES

Outcomes after Ablation
For all four contemporary ablative procedures, outcome cannot be fairly assessed until at least 6 months up to 2 years postoperatively. Early publications usually reported measures of global improvement (for example, covering the range of outcomes from much improved to worse after surgery (Greenberg et al, in press) ). Most reports considered ratings from improved to much improved as indicative of significant improvement. More recent reports used disorder-specific rating (for example, the YBOCS for OCD). Systematic prospective studies of anterior cingulotomy (Dougherty et al, 2002) as well as gamma capsulotomy for refractory OCD have been conducted. Of these modern ablative procedures, it seems that none is superior to capsulotomy. However, direct comparisons of procedures within the same study are rare, with perhaps only a single published example (Kullberg, 1977) .
Anterior capsulotomy outcomes. During the 1950s, Leksell performed anterior capsulotomies in 116 patients, with favorable responses in 50% of patients with OCD and 48% of patients with major affective disorders (Herner, 1961) . Poorer results were seen with schizophrenia (14%) and non-OCD anxiety disorders (20%). In 1977, Bingley and co-workers reported satisfactory results in 71% of patients with OCD who underwent anterior capsulotomy (Bingley et al, 1977) . In a review of 253 cases of anterior capsulotomy for OCD, Waziri (1990) suggested that 67% exhibited significant improvement. A 1994 review of capsulotomy cases reported in the literature found that 64% (137/213) had satisfactory outcomes, with OCD patients receiving the greatest benefit (Mindus et al, 1994) . Interpretation of these data is limited, as follow-up information in 149 cases was insufficient to determine the outcome. The need to maximize capture of long-term follow-up data is essential for all surgical procedures, as discussed elsewhere in this article. Overall, short-term side effects of thermocapsulotomy (the original procedure, see below) include headache, confusion, and incontinence. Weight gain, fatigue, memory loss, incontinence, and seizure have been reported as rare but more lasting side effects (Feldman et al, 2001) . Anterior capsulotomies were typically performed by thermocoagulation. However, over the last 15 years, an increasing number of capsulotomies have been performed by Gamma Knife radiosurgery, typically involving smaller lesions, which remain in the ventral portion of the anterior capsule. Thus, this newer procedure has been called 'gamma ventral capsulotomy'. Radiosurgery typically has a short postoperative recovery period, and as noted can be an outpatient procedure. Therapeutic response (35% YBOCS improvement) has been reported at 60% for patients with OCD who underwent gamma ventral capsulotomies. A recent comparison of the two types of capsulotomy revealed lasting improvement (35% YBOCS reduction 4-17 years after surgery) in 48% of OCD patients with no significant difference in benefit between the procedures (Ruck et al, 2008) . The data do suggest, however, that there may be less risk, as well as possibly better outcomes, associated with relatively smaller total lesion volumes. Serious adverse effects of the gamma knife radiosurgical procedure include radiation-induced edema and delayed cyst formation (which may or may not be symptomatic). Development of clinically significant edema seems to reflect individual differences in sensitivity to radiation that remain poorly understood. Late cyst formation (45 years postsurgery) has occurred in 1.6-3.6% of patients after surgery for arteriovenous malformations, and may, in part, be related to the extent of postoperative radiation-induced edema (Pan et al, 2005) .
Anterior cingulotomy outcomes. In 1987, Ballantine and co-workers reviewed the long-term results of 198 patients who underwent the procedure for major affective disorder, OCD or anxiety disorder. Significant improvement, determined using a subjective functional/symptomatic rating scale, occurred for patients with severe affective disorders (62%), OCD (56%), and anxiety disorders (79%) (Ballantine et al, 1987) . When these data were analyzed using more rigid outcome criteria, only 33% showed substantial benefit from the cingulotomy (Cosgrove, 2000) . A 1996 review of 34 patients who had undergone cingulotomies since 1991 reported that, of patients with OCD, 27% were full responders and another 27% were partial responders. Most recently, it should be noted, however, that it may take as long as 3-6 months for the beneficial effects of cingulotomies to emerge (Cosgrove, 2000) . Cingulotomies have a relatively low rate of side effects. Of more than 1000 cingulotomies performed at Massachusetts General Hospital, there had been no deaths, no infections, and only two subdural hematomas (Greenberg et al, in press ). Shortterm postoperative side effects include headache, nausea, or difficulty in urination, which usually resolve within a few days. The most common serious side effect is seizure (rates ranging from 1 to 9%) (Binder and Iskandar, 2000) . Owing to the relatively good success, and clearly low morbidity and mortality rates, cingulotomy has been the most widely used psychiatric neurosurgical procedure in North America over the last several decades. A more recent study (Kim et al, 2003) of stereotactic bilateral anterior cingulotomy as a treatment for refractory OCD found a mean YBOCS severity reduction of 36% after 12 months, 6 of the 14 patients met responder criteria (35% YBOCS reduction plus a Clinical Global Impression score of much or very much improved) at 12 months. There was no significant cognitive dysfunction after cingulotomy.
Subcaudate tractotomy outcomes. By 1973, this procedure had been performed in over 650 cases of major depression, OCD, or anxiety with reported success rates around 50% (Knight, 1973) . In 1994, Bridges and colleagues reviewed 1300 cases of subcaudate tractotomy treating anxiety, phobic anxiety, OCD, MDD, or bipolar disorder (Bridges et al, 1994) . They concluded that 40-60% of patients are benefited by the procedure to the point of living normal or near-normal lives. Suicide rates were reduced from 15% (in a similarly affected control group) to 1%. Short-term side effects include somnolence lasting up to a few days postoperatively, confusion lasting up to 1 month postoperatively, and possibly temporary decreases in certain cognitive functions. The most common major adverse effect is seizure (at least 1.6% of cases), but mild personality changes have been noted (Greenberg et al, in press ). Only one surgery-related death was reported. A more recent case report described improvement in a single patient who underwent subcaudate tractotomy using a newer, 'frameless' stereotactic subcaudate tractotomy procedure (Woerdeman et al, 2006).
Limbic leucotomy outcomes.
In an early study, Kelly et al (1973) reported significant improvement (using a 5-point global rating scale) in 89% of patients with OCD, 66% of patients with anxiety, 78% of patients with MDD, and 80% of patients with schizophrenia. In 1993, Hay and colleagues reported a moderate to marked improvement in 38% of their 26 OCD patients treated with limbic leucotomy (Hay et al, 1993) . Most recently, Cho et al (2008) reported a marked response (in the top three categories of the CGPS) in 69% of their patients (n ¼ 18) with intractable affective disorders who underwent limbic leucotomy. They showed significant improvement in depression (HDRS averages reduced from 42 to 20), anxiety (average Hamilton Anxiety Rating Scale (HARS) scores reduced from 104 to 57), and negative symptoms (Negative Symptom Scale averages dropped from 57 to 33). These results were sustained over a 7-year follow-up period. In addition, Price et al (2001) have reported that limbic leucotomy may benefit patients with severe self-mutilation from repetitive, tic-like behaviors. The most significant complications reported for this procedure are seizure and enduring lethargy. Overall, shortterm side effects for limbic leucotomy include headache, confusion, lethargy, perseveration, and lack of sphincter control. Although most of these effects are transient, it is common for confusion to last several days, thus patients often have a longer postoperative hospital stay with this procedure than with either cingulotomy or subcaudate tractotomy (Greenberg et al, in press) . A more recent study of limbic leucotomy for OCD reported that mean YBOCS scores decreased from 34 to 3, which is a large decrease compared with that seen in other studies of the effects of neurosurgery in OCD. In total, 10 of these 12 patients had long-term follow-up (for a mean of 45 months), during which they were described as having returned to a previous (improved) level of psychosocial functioning (Kim et al, 2002) .
DBS OUTCOMES
For OCD, benefit has been reported after application of DBS to the VC/VS , more anterior in the internal capsule (Abelson et al, 2005) , the ventral caudate (Aouizerate et al, 2004) , or the subthalamic nucleus (Mallet et al, 2008) . The OCD targets have been most influenced by the more focal stereotactic ablation procedures that have continued to be in use since the 1940s, by anatomical considerations derived from neuroimaging, and by direct clinical observations (Mallet et al, 2008) . Modification of the VC/VS target (caudally, see Figure 2 , site 4) led to improved effectiveness for OCD with lower current drain . Safety profiles have been quite variable in the small-scale reports given above on effects of DBS for OCD. Adverse effects have ranged from transient psychiatric symptom exacerbations to permanent neurological sequelae (Mallet et al, 2008) or, on longerterm follow-up, suicide in the context of psychosocial stress (Abelson et al, 2005) . However, as is also the case for efficacy, only quite tentative conclusions about safety can be drawn given the data available. In terms of mechanisms of therapeutic action, the VC/VS target has also been proposed to be part of longitudinal fiber pathways that are the targets of anterior capsulotomy and the more specific gamma ventral capsulotomy for OCD (Lopes et al, 2009, in press ). Moreover, numerous functional neuroimaging studies are consistent with the hypothesis that pathways coursing through the VC/VS are implicated in OCD. Interestingly, in terms of mechanism of action, mood and other depressive symptoms, including anhedonia, improved rapidly after VC/VS stimulation in OCD patients. Moreover, mood symptoms worsened faster than did obsessions and compulsions when DBS was interrupted . Interestingly, stimulation in the same region has notably also produced rapid relief of anhedonia in patients who received DBS for major depression (Schlaepfer et al, 2008) . Important limitations of this rapidly growing, but still small, DBS literature for OCD should be kept in mind: (1) Entry criteria have varied, including in-patient characteristics, which may have prognostic significance, such as predominance of symptom subtypes within the primary categorical diagnosis, extent of treatment resistance, and patterns of co-occurring disorders. These and other clinical features may have important implications for initial response as well as for maintenance of therapeutic gains over the long term. (2) Definitions of therapeutic success vary. 'Response' has meant different things across studies. For example, a 25% reduction in YBOCS-measured OCD severity was defined as a response for a multicenter study of subthalamic nucleus stimulation for OCD (Mallet et al, 2008) , whereas a 35% YBOCS decrease was the threshold in studies of the VC/VS . (3) Targets may be reported as intended ('planned') target, postoperative (image-determined) targets, or both. To facilitate improved clinical outcomes and translational research accuracy, analyses of locations of active electrode contacts and parameters associated with the best outcomes are extremely important. (4) Data on concomitant treatments may be collected variably. Patients who will present for DBS in either clinical trials or for clinical use will, by definition, have undergone an exhaustive series of medication and behavioral treatments. Many will likely be on complex, multi-drug regimens during baseline evaluations as well as during postsurgical follow-up. Behavioral treatments may be ongoing, have been abandoned, or may be renewed after surgery. This is important as one hypothesis of DBS's (and ablation's) mechanism of action is that surgery may facilitate behavior therapy . (5) Adverse event data collection and reporting have varied. This has sometimes been done apparently using clinical assessments only, or semi-structured or structured instruments. In addition to its critical safety role, adverse event reporting can provide important data on the neurocircuitry affected by DBS (Okun et al, 2004; Shapira et al, 2006) . Without careful attention to all of these factors, as the field moves forward, judgments about relative effectiveness of DBS at any given target, or between DBS and ablative procedures, may be misleading. This will reduce the value of these unique data in refining anatomical models of mechanisms of action of neurosurgery for OCD, and in turn, affect their contribution to advancing models of OCD neurocircuitry.
NEUROCIRCUITRY OF OCD AND SURGICAL TARGETS
In OCD, interruption of reciprocal projections between OFC and thalamus would theoretically decrease reverberating (amplified) activity in the OFC-caudate-pallidal-thalamic circuit, possibly leading to reduced OCD symptoms. However, studies comparing postsurgical with presurgical regional cerebral metabolism must take into account the potential confounds of symptomatic improvement in OCD, which characteristically yield a profile of attenuated hyperactivity throughout the circuit. Improvement in cooccurring mood and anxiety symptoms (defined either categorically or dimensionally) after surgery may also affect activity on neuroimaging measures. Capsulotomy, subcaudate tractotomy, limbic leucotomy, and DBS at the VC/VS and related targets, all target reciprocal excitatory midline thalamic/orbital and medial cortex links, as well as orbital and medial projections to the VS. These three procedures also affect connections between midline thalamus and the subgenual and pregenual cingulate, and may have actions overlapping those of cingulotomy, especially because the cingulate has multiple reciprocal links with OFC (for reviews see Rauch, 2003; Zald and Kim, 2001 ). Thus, disruption of pathological OFCcaudate or reciprocal OFC-thalamic communications could underlie therapeutic effects of anterior capsulotomy. Consistent with this view, acute DBS produced increased regional cerebral blood flow, as measured by O15-PET, in OCD patients within the hypothesized circuitry, including OFC, thalamus, subgenual cingulate, striatum, and globus pallidus, when active stimulation at the most ventral contact was compared with control conditions (Rauch et al, 2006) . Note that the increase in perfusion observed could be due to a number of different changes at the cellular and microcircuit level, including, for example, facilitation of inhibitory processes.
In terms of chronic changes after surgery, functional imaging in a small cohort of patients with severe anxiety disorders showed reductions in activity within orbitomedial frontal cortex after anterior capsulotomy . A small study of chronic DBS near the thermocapsulotomy target found reduced FDG-PET metabolism in the orbital and medial cortex in two out of three patients (Abelson et al, 2005) . DBS at the more posterior VC/VS site was also associated with prefrontal metabolic activity on FDG-PET, especially in the subgenual ACC. Interestingly, preoperative resting metabolic activity in the subgenual ACC predicted the reduction in YBOCS OCD severity after chronic stimulation (Van Laere et al, 2006) . Note that in the case of limbic leucotomy, lesions similar to those of anterior cingulotomy and those of subcaudate tractotomy are combined. Hence, this multi-site operation would presumably combine the benefits (as well as potential adverse effects) of those two procedures. A single case study of limbic leucotomy has demonstrated reduced activity within the caudate nuclei in a patient with OCD and Tourette Syndrome (TS), when comparing postsurgical to presurgical regional cerebral oxygen metabolism (Sawle et al, 1993) . Both OCD and TS symptoms improved in this patient after limbic leucotomy.
In capsulotomy, especially the original thermocapsulotomy procedure, which produces larger lesions than gamma ventral capsulotomy, the ventral portion of the lesion may compromise adjacent territories of the striatum as well as interrupting OFC/subgenual ACC-thalamic connections. This can occur if the lesions interrupt fronto-striatal projections, if the lesions themselves impinge on the striatum, or if infiltration of edema surrounding the lesions encroaches on the striatum itself or fronto-striatal projections. Again, for OCD disruption of pathological CSTC circuitry at the level of OFC-caudate or reciprocal OFCthalamic communications could underlie the therapeutic effects of anterior capsulotomy. Interestingly, an MRI study of anterior capsulotomy for OCD indicated that appropriate placement of lesions within the right anterior capsule was critical to subsequent therapeutic response (Lippitz et al, 1999) . Furthermore, functional imaging data from a small cohort of patients with severe anxiety disorders undergoing anterior capsulotomy showed reductions in activity within orbital and medial frontal cortex from presurgical to postsurgical scans . Most recently, a pilot study using voxel-based MRI morphometry found that the volume of gray matter in the right inferior frontal gyrus had increased after gamma ventral capsulotomy (Cecconi et al, 2008) .
In anterior cingulotomy, the lesions are within dorsal ACC and typically impinge on the cingulum bundle. Thus, in addition to reducing cortical mass and activity within dorsal ACC, these lesions will likely modify cingulo-striatal projections, and possibly disinhibit pregenual ACC. Given the constituents of the cingulum bundle, it is also possible that its disruption in cingulotomy could influence reciprocal connections between the ACC and several other structures, including OFC, amygdala, hippocampus, and posterior cingulate cortex (Mufson and Pandya, 1984) . In fact, comparisons of presurgical with postsurgical MRI data indicate that, 6-12 months after cingulotomy, volume appeared reduced within the caudate nucleus and posterior cingulate cortex (Rauch et al, 2000 (Rauch et al, , 2001b . Given the prevailing neurocircuitry model of OCD, any of these changes after surgery could relate to therapeutic improvement. Posterior cingulate cortex, which is not typically central in OCD circuitry models, is well positioned to modulate activity within the OFC-caudate frontal-basal ganglia--thalamic circuit (Cohen et al, 1992; Kemp and Powell, 1970; Vogt and Pandya, 1987; Zald and Kim, 1996) . Interestingly, a functional neuroimaging study of OCD demonstrated that presurgical activity within posterior cingulate cortex correlated with subsequent response after anterior cingulotomy (Rauch et al, 2001a) . In addition, lesions of the cingulum might interrupt ascending influences of the amygdala on dorsal brain structures.
Metabolic and neurochemical changes in regions functionally connected to lesion or DBS targets can also be studied before and after surgery, and also by comparing different DBS parameter sets with each other and with no stimulation control conditions. Such experimental paradigms can also be implemented to take advantage of cognitive tasks to probe nodes of the neurocircuitry during imaging acquisitions. As abnormalities in dopaminergic function have been reported in OCD (Denys et al, , 2006 van der Wee et al, 2004) , imaging this neurochemical system in the context of neurosurgery may be of considerable interest. Specific examples include using dopamine transporter ligands to probe transporter or receptor levels or displacement. Here, it is of interest that dopamine transporter ligand binding was elevated in unmedicated OCD patients in striatal nodes of the network of interest (van der Wee et al, 2004) . Dopamine and serotonin probe ligands could be combined, as in a study that found that 5-HT(2A) receptor availability was reduced in frontal polar, dorsolateral, medial frontal, parietal, and temporal associative cortex of OCD patients. It was intriguing that 5-HT (2A) ligand binding in orbitofrontal and dorsolateral frontal cortex correlated with clinical severity (Perani et al, 2008; Reimold et al, 2007) . In addition, that same study found a concomitant reduction in D2 ligand ([11C] raclopride) uptake in the striatum, and especially in VS. The results were consistent with a possible decrease in activity in a serotonergic subsystem together with elevated synaptic dopamine in the psychotropic-naïve patients studied, who were also free of comorbid disorders. Recently another interesting approach has been shown to be feasible, that is the study of radiotracer displacement during probe tasks compared with control conditions. Such tasks could be designed to probe anatomically selective parts of the neurocircuitry of interest. For example, Lappin et al (2009) found that a sequential motor learning paradigm and a spatial planning task were both associated with increased displacement of [11C]raclopride in the striatum compared with a control (rest) condition. This change in ligand dynamics, an indirect measure of synaptic dopamine, was seen in both sensorimotor and associative, but not limbic striatum. These and other behavioral challenges could be used, for example, before and after DBS to elucidate functional changes in neurotransmitter systems localized within specific regions of the neural networks of interest.
Thus, ligand-based imaging (or MRS imaging of glutamate systems as described above) before and after DBS or stereotactic ablation may reveal changes in dopamine, serotonin, glutamate, or other neurotransmitter systems. However, a potential confound for molecular imaging methodologies is that patients undergoing neurosurgery will virtually by definition be receiving complex, multi-drug treatment regimens that may be difficult to change on clinical grounds and which can complicate interpretation of radioligand experiments. Moreover, the subpopulation of OCD patients who might be considered surgical candidates may also differ from the more general population of OCD patients in terms of clinical phenotypes, patterns of co-occurring categorical disorders or personality dimensions, or on any of the indices of neurotransmitter function that radioligand studies can assess. Given such limitations, converging evidence using multiple methods in patients and in parallel basic research will be essential to develop a coherent model of changes associated with DBS that are most important for therapeutic change.
TRANSLATIONAL RESEARCH AND PSYCHIATRIC NEUROSURGERY
The effects of ablation or DBS on the neurocircuitry of interest in OCD remain poorly understood. The mechanisms of action of ablation at the surgical target itself are conceptually simpler than those of DBS. Even in movement disorders, in which DBS has been used clinically in over 55 000 patients worldwide since the mid-1980s and research on mechanisms of DBS action is more advanced, how stimulation produces therapeutic benefits remains incompletely delineated (Montgomery and Baker, 2000; Vitek, 2002) . Stimulation can modulate firing rates, normalize irregular burst firing patterns, and reduce low-frequency oscillations associated with a Parkinsonian state (Chang et al, 2007) . Such effects could result from propagation of stimulation orthodromically or antidromically along fibers in the target region. Computational modeling has found a role in advancing conceptions of the neural networks via which DBS may act. In one computational model, antidromic propagation occurred across a range of stimulation frequencies and axon segment geometries, but was strongly dependent on the geometry of the node of Ranvier at the axonal bifurcation (Grill et al, 2007) . DBS-induced antidromic activation may thus lead to widespread activation or inhibition of targets remote from the electrode, effects which should be considered when interpreting results of studies using functional imaging or evoked potentials to investigate mechanisms of action of DBS. In general, stimulation most probably affects the likelihood that particular kinds of information will flow through the circuits of interest. For DBS as well as lesions, an analogy with 'biased competition' theories of information processing regulating attention may be apt (Beck and Kastner, 2009) .
Wherever translational research leads, an improved understanding of anatomical networks through which DBS acts, and of its physiological actions themselves, should help clinical researchers achieve several important and interrelated goals. As discussed above, the role of a systematic and comprehensive data registry in advancing this goal is essential (Goodman and Insel, 2009 ).
Response Prediction
Finding predictors that are meaningful on an individual level, based on endophenotypes derived from neuroimaging or cognitive measures, might be possible. Potential presurgical metabolic predictors of responses to neurosurgery include FDG uptake in the posterior cingulate for the procedure of anterior cingulotomy, and in the subgenual cingulate for DBS of the VC/VS (Dougherty et al, 2003; Rauch et al, 2001a; Van Laere et al, 2006) . Combining such measures with clinical phenotypes that prove to be predictive of response based on larger clinical studies, such as the current NIMH-sponsored controlled trial of DBS for OCD (ClinicalTrials.gov: NCT00640133A), might improve the prediction further. This is an important issue, as the risks, costs, and burdens of either refined ablation or DBS are nontrivial. Individuals unlikely to enjoy a meaningfully positive response should be spared those potential burdens. However, the predictive power of clinical, neuroimaging, or other endophenotypic features, alone or in combination, will need to be substantial in order for the prediction to have clinical value. Some clinical predictors of SRI response, for example, are by definition absent in patients who would be judged as possible candidates for surgery. These clinical features include absence of previous therapies, and moderate YBOCS OCD severity (a score of 22 or less), which were found on stepwise multivariate analysis to predict better OCD outcomes after 12 weeks of paroxetine or venlafaxine treatment by Denys et al (2003) . That same study found low Hamilton Depression Rating Scale scores (6-15), which are quite unlikely in patients presenting for surgery as a whole, to predict better outcomes after SRIs. Furthermore, it might be difficult to collect data on some other patient characteristics that have been found to be predictors in medication trials. This is because features that have been found to be negative predictors of response to SRI treatment, personality disorders, for example (Denys and de Geus, 2005) , may be strong relative contraindications to surgery. Hence, innovative approaches to response prediction in patients undergoing neurosurgery will be needed. That could include, as mentioned elsewhere in this review, the establishment of comprehensive data registries for psychiatric neurosurgery outcomes within and across diagnoses, the application and/or development of endophenotypic biomarkers, and a systematic review of predictors of responses to conventional treatments for OCD and commonly co-occuring disorders, including major depression.
Parameter Setting
Initially, selection of DBS parameters for use in OCD was based on those used in movement disorders. Subsequent experience has allowed stimulator programming to be based somewhat more on clinical observations gained over years of work with OCD patients receiving chronic DBS Nuttin et al, 2008) . Translating findings from anatomical research may allow more refined targeting and device design. Similarly, physiological findings may help narrow the 'parameter space' so that the most efficient DBS parameters may be used. This will, in theory, lead to an enhanced ability to maximize efficacy, minimize current drain, and also to potentially minimize the side effects by better targeting of stimulation-induced electric fields so that they include as few nonessential structures as possible.
Translation to Other Device-Based Treatments
Similarly, improvements in electrode design and in the 'design' (shapes) of the electrical pulses themselves should be influenced by translational research. Such insights will likely influence the development of neuromodulation techniques beyond the scope of this review, including vagus nerve or transcranial magnetic stimulation, and cortical surface stimulation.
Potential to Improve Stereotactic Ablation
As discussed above, the trajectory of psychiatric neurosurgery has involved progressively more selective and smaller lesions, made with progressively better accuracy. The effectiveness of lesion procedures looks, from available data, to be comparable with that of DBS . It is very likely that a better delineation of the neural networks of action of the existing modalities of psychiatric neurosurgery would lead to ablative procedures with improved outcomes compared with the current generation of those techniques. A recent multidisciplinary position statement affirmed that continued research on lesion procedures in psychiatry is both needed and ethically sound (Rabins et al, in press ).
Thus, the clinical and scientific promise of modern psychiatric neurosurgery will best be realized if it develops in connection with multidisciplinary translational research. The studies described above provide evidence relevant to delineating the neural network(s) by which DBS may act in OCD. Parallel basic science work is building on insights from anatomy of frontal-basal ganglia-thalamic circuitry, which is described by Haber and Knutson (2009, in press ). The circuitry underlying the effects of surgical treatments in OCD is complex and under active investigation using multiple tools, including conventional track tracing methods and 3-D modeling in nonhuman primates, and DTI in humans (Haber et al, 2006; McFarland and Haber, 2002; Petrides and Pandya, 2007; Szeszko et al, 2005; Lehericy et al, 2004) . The emphasis on white matter tracts for these invasive therapies raises important issues concerning exactly which white pathways (and structures) are affected at different lesion and stimulation sites. On the basis of primate tracing and modeling studies, we know that different sites will involve a different subset of structures and these different subsets are likely to relate to different clinical outcomes (Figure 3 ). For example, lesions or stimulation that target cortical white matter tracts vs the internal capsule will affect a subset of both cortico-cortical connections in addition to cortico-subcortical connections. Moreover, it is important to remember that all white matter bundles passing through the site will be affected, and not limited to the adjacent cortical areas. Thus, a site located in the subgenual white matter, for example, will affect OFC fibers traveling to the contralateral hemisphere, in addition to all pathways from the adjacent subgenual cortical area. This site will also involve all subcortical connections derived from the region immediately adjacent to the target. Therefore, a subgenual white matter site will also involve, not only specific cortico-cortical connections but also a subset of fibers traveling to the thalamus, striatum, and brainstem.
In contrast, VC/VS sites are unlikely to involve corticocortical connections, but will involve a larger, but still limited subset of cortico-subcortical connections. These include: cortico-thalamic; thalamo-cortical; and cortical brainstem pathways. In addition, there are major fiber bundles that run near the VC. Although not technically considered as internal capsule, nonetheless they may be affected by stimulation depending on the exact location of the electrodes. These include (but are not limited to) cortico-amygdala fibers running through the ventral amygdalofugal pathway, cortico-ventral striatal projections, cortico-hypothalamic fibers, and ascending dopaminergic and serotonergic fibers.
However, cortical fibers in subcortical pathways enter the IC at different AP levels and subsequently change their position as they travel caudally through the capsule. Figure 3 illustrates the organizational complexity and interweaving of prefrontal cortical fiber bundles as they pass through the internal capsule. Moreover, the relative dorsal-ventral, medial-lateral position of specific fiber bundles varies at different rostral-caudal levels. For example, as illustrated in the figure, generally fibers from the dACC and DPFC travel dorsal to those from ventral cortical regions. The VC contains primarily fibers from the OFC and vmPFC. However, these fibers travel in different positions in the internal capsule, including the small bundles that are embedded in the VS. For example, at rostral striatal levels, fibers traveling in the VC include some, but not all fibers from the OFC. In particular, those from caudal and lateral cortical areas that have not yet formed bundles in the capsule. At more caudal levels, at the junction of the internal capsule and anterior commissure, fibers from the caudal OFC join the axons from rostral OFC and those from vmPFC. Moreover, fibers connecting cortex with the amygdala (in the ventral amygdalofugal pathway) sweep ventral and medial to the anterior commissure. Likewise, ascending monoamine fibers pass just ventral to the anterior commissure. Thus, depending on the exact location of the electrode site, these fibers can be involved during stimulation.
In summary, depending on the specific stimulation site, different fiber bundles and therefore different sets of structures will be affected. Tracing studies in nonhuman primates combined with DTI in humans is a powerful tool to first validate human DTI studies, and then delineate the organizational details of fiber connections. These approaches, which have been used for other fiber tracts (Makris et al, 2009) , together with careful clinical evaluation, are the key elements to identify DBS targets better tailored for subsets of patient populations.
Work that employs electrophysiological methods in animals has already helped generate hypotheses about how DBS-like stimulation may affect the circuitry of interest Grace, 2007, 2009) . And, whereas developing animal models of OCD has been quite a difficult problem, coupling such models with electrical stimulation of the circuitry implicated in OCD has recently shown promise in identifying neurocircuitry which, when modulated, seems to influence behaviors relevant to OCD (van Kuyck et al, 2003 (van Kuyck et al, , 2008 . As each of these lines of research advances, translational interchange between them should also become more fruitful as hypotheses are refined and tested across these levels of analysis. Such translational work in progress will be expected to point toward behavioral processes (including those shared across categorical diagnoses), neurocircuitry, and physiological and pharmacological mechanisms involved in a number of neuropsychiatric conditions.
CONCLUSION
Contemporary neurosurgical treatments represent an important option for appropriately selected patients with severe and otherwise intractable OCD. Although the effectiveness and safety of these procedures has improved, active research in this area promises further advances. In particular, it is foreseeable that neuroimaging techniques may soon be used to aid in patient selection by predicting treatment response or (more speculatively) to individually tailor surgical interventions. Moreover, DBS offers the prospect of an adjustable and reversible method for effectively modifying brain function to relieve suffering and improve the quality of life in these severe and treatment-refractory cases. It is also conceivable that neurosurgical treatments might help guide development of novel pharmacological therapies based on advances in understanding the physiological roles of neurochemical systems in defined locations within relevant circuitry. Effects of surgical treatments may shed light on dimensions of illness that cross categorical diagnoses, and the mechanisms of therapeutic change. Finally, there is the intriguing possibility that neurosurgery might in fact enhance the benefits of subsequent behavioral therapies, which proved to be ineffective before surgery. How surgical interventions could accomplish that could become the subject of research meaningfully bridging the behavioral and neurobiological levels of analysis, with potential implications for treatment development.
One of the impressive advances in studying the biology of OCD has been associated with the implementation of functional neuroimaging in this intriguing disorder. These studies, which established a role for frontal-basal gangliathalamic circuits, have been key in contributing to the deepening of our understanding of OCD. Moreover, the well-defined circuitry could serve not only to refine treatment (neurosurgery, DBS, etc.) but also as a tool for characterizing endophenotypes. It could help to explore the relationship of OCD with other disorders (that is, other anxiety disorders on one hand, and behavioral addictions on the other hand). Finally, OCD circuitry models are being used to understand the effects of neurosurgical interventions for severely affected OCD patients who fail to respond to conventional behavioral and medication treatments. The models permit hypothesis testing that may help to refine existing neurosurgical approaches (lesion procedures or DBS) as well as other potential brain circuit-based interventions for OCD (such as TMS, which remains little explored in the illness).
FUTURE DIRECTIONS
Clinical studies of stereotactic ablation and DBS will, in the near term, focus on collection of controlled data in larger samples than those that have typically been studied to date. Very long-term follow-up of patient outcomes in multiple domains will be essential to assess the degree of enduring benefit and to identify risks and burdens of these invasive procedures. There is a recognized need to create data registries combining patient characteristics, surgical and stimulation targeting information from neuroimaging, stimulation parameters, and outcomes. This will be important not only to evaluate potential predictors of response but also to refine these interventions through translational research. Measuring patient characteristics both before and after surgery systematically using common end points across types of psychiatric neurosurgery will be important in this effort and will require enhanced collaboration across centers doing this work. This applies across categorical diagnoses as well as across expert clinical centers, as benefit after either focal ablation or DBS seems not to be confined to obsessions and compulsions, but includes, for example, changes along affective dimensions more generally. Neuroimaging work will apply enhanced structural and functional methods (including diffusion tensor imaging) to better delineate the circuitry of interest in patients and in nonhuman primate and other animal models. Relevant methods will also include electrophysiology, existing and evolving methods for tract tracing, and molecular imaging. Similarly, parallel behavioral models in humans and animals should help elucidate how targeting specific nodes within the neurocircuitry of interest affects behavioral endophenotypes that represent pathways toward therapeutic change.
